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ABSTRACT to 110 d to maturity in peninsular India) to provide a
smaller, more manageable number of genetically broad,Pearl millet [Pennisetum glaucum (L.) R. Br.] varieties grown in
high-yielding base populations for future use in recur-semiarid Africa and Asia have low grain yields. Information on hetero-
sis and combining ability of diverse open-pollinated cultivars, breeding rent selection programs targeting dual-purpose pearl
populations, and genepools is needed for efficient choice of breeding millet cultivars for traditional and nontraditional pearl
methods and parental materials to use in developing productive base millet production environments.
populations for this crop. Data for grain and biomass yield, growth
rate, time to flowering, plant height, panicle length, and productive
MATERIALS AND METHODStillers were collected from an 11-parent variety cross diallel of diverse
pearl millet populations evaluated in five field environments in penin- Genetic Materials
sular India. Data were summarized using the Gardner–Eberhart Anal-
Eleven diverse, medium- and long-duration pearl milletysis II. When genotype 3 environment interactions were significant,
populations (Table 1) were crossed in a diallel without recipro-ranks of parental general combining abilities (GCA) were used to
cals during the 1993 summer (dry) season at ICRISAT, Pa-identify particular environments and parents contributing most to
tancheru, India. Parental populations having medium-to-longthese interactions. Parental population effects were significant for all
duration suited to peninsular-Indian conditions were selectedcharacters, as were differences in GCA. Populations NWC C2, AfPop
on the basis of their grain yield, panicle characteristics, growth88, and LHGP consistently had the poorest ranks for general combin-
rates, and resistance to fungal diseases caused by Sclerosporaing ability for grain yield across test environments. Populations ICMV
graminicola (Sacc.) J. Schro¨t., Moesziomyces penicillariae91059, SenPop, ICMP 91751, and ICMP 92951 constitute a genetically
(Bref.) K. Va´nky, and Claviceps fusiformis Loveless. Popula-diverse subset of the parents that consistently had the best ranks for
tions were intercrossed using bulk pollen from 100 to 120grain yield GCA across test environments. With ICMV 155 (crosses
plants in each population to pollinate an equal number ofof which performed poorly in only one of five test environments),
plants in each of the other parental populations. The pollen-this latter group is a good source of more broad-based breeding
storage technique (Hanna, 1990) was used to facilitate crossingpopulations for dual-purpose pearl millet improvement targeting pen-
when the flowering times for certain parental population pairsinsular India.
were too far apart.
Field TrialsPearl millet is a robust, diploid, cross-pollinated The resulting 55 F1 population crosses and their 11 parentsgrass with immense genetic diversity. It is grown as
were evaluated for 13 agronomic characters (Table 2) in repli-a subsistence grain and stover crop, primarily in sub-
cated trials conducted across five environments [1993 rainySaharan Africa and South Asia (Rachie and Majmudar,
season at two sites (Patancheru, 188N, 788E; and Bhavanisagar,1980; FAO/ICRISAT, 1996; Rai et al., 1999). It is one
118N, 778E); 1994 dry summer season, and 1994 and 1995 rainyof six crops in the research mandate of the International
seasons at one site (Patancheru)] in peninsular India. In eachCrops Research Institute of the Semi-Arid Tropics environment, the 66 entries (genotypes) were evaluated in
(ICRISAT). Its bisexual protogynous flowers, large three replications of 4-row by 4-m plots arranged in a random-
seed numbers (up to 3000 per panicle), excellent tillering ized complete block design. Between-row spacing was 75 cm;
ability (four to six effective tillers per plant), and low within-row spacing was 15 cm; and 1-m alleys separated the
seed rate make pearl millet amenable to genetic im- plots. The soil type at Patancheru was a light-textured, red
Alfisol. The soil type at Bhavanisagar was an Alfisol. Theprovement by recurrent selection (Burton, 1983). A
Bhavanisagar location environment was dry, cool, and over-wide range of improved pearl millet populations have
cast, and it was managed as fully irrigated. The 1994 drybeen developed by ICRISAT and national program
summer season environment at Patancheru was characterizedplant breeders in Africa and Asia (Rai and Anand Ku-
by high temperatures, low humidity, and limited cloud cover,mar, 1994; Rattunde et al., 1997). This study was initi-
and it was managed as fully irrigated. Intermediate tempera-ated to evaluate opportunities for merging several of tures and high humidity with more cloud cover characterized
these populations having medium-to-long duration (85 the three rainy-season environments at Patancheru, which
were not irrigated.
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Table 1. Characteristics, origins, and genetic background of 11 pearl millet parental populations of diallel crosses.
Name Origin Characteristics Reference
AfPop 88 ICRISAT Very tall, very long duration feeder population developed by random mating Rai and Anand Kumar, 1994
inbred bulks selected at ICRISAT-Patancheru from breeding materials
received from various locations in western and central Africa
AfPop 90 ICRISAT Very tall, very long duration, feeder population developed by random mating Rai and Anand Kumar, 1994
inbred bulks selected at ICRISAT-Patancheru from breeding materials
received from Zambia and Zimbabwe
ICMP 87200 ICRISAT Long duration, tall, dual-purpose population, with long panicles; resistant to Rai and Anand Kumar, 1994
downy mildew, smut and ergot; C0 random-mated bulk of the ICRISAT
Ergot Resistant Composite (ERC)
ICMP 87307 ICRISAT Full season, tall, elite dual-purpose population with long, compact panicles, Rai and Anand Kumar, 1994
and medium grain size; C7 random-mated bulk of the ICRISAT
Intervarietal Composite (IVC)
ICMP 91751 ICRISAT Medium-long duration, tall, elite dual-purpose population with long medium- Rai and Anand Kumar, 1994
compact panicles and very high grain yield potential; resistant to downy
mildew and smut; C1 random-mated bulk of the ICRISAT Smut
Resistant Composite II (SRC II)
ICMP 92591 ICRISAT/Zambia Tall, long-duration, elite dual-purpose population with long cylindrical Monyo, 1998
panicles and high grain yield potential; C1 random-mated bulk of
Lubasi (Late Backup Synthetic)
ICMV 155 ICRISAT High yielding, downy mildew resistant, dual-purpose medium-duration Pheru Singh et al., 1994; Rai
cultivar released in India; bred by modified mass selection within C4 and Anand Kumar, 1994
of the ICRISAT New Elite Composite (NELC)
ICMV 91059 ICRISAT Medium-duration dual-purpose experimental variety with high grain yield None
potential; reselected from ICMS 8359, which was bred by random
mating pedigree-derived inbred lines unrelated to the remaining ten
parental populations in this study
LHGP ICRISAT Genetic Very tall, very long duration genepool with large panicles; developed by Appa Rao et al., 1998
Resources four generations of random mating of 804 genebank accessions selected
Division for long (.55 cm), thick (.35 mm) panicles (ICRISAT Large Headed
Gene Pool)
NWC C2 Nigeria Medium-long duration, tall, dual-purpose population; C2 random-mated None
bulk of the Nigerian World Composite
SenPop ICRISAT Long duration feeder population with high vegetative growth rate and high Rai and Anand Kumar, 1994;
grain yield potential; C0 bulk developed by back-crossing and Weltzien Rattunde et al.,
selection involving a weedy selection from Senegal and the F1 of the variety 1995; Lynch et al., 1995;
cross between ICMV 87901 (from the ICRISAT Bold Seeded Monyo, 1998
Early Composite) and ICMV 82132 (from the ICRISAT Smut Resistant
Composite, released in Zambia as ‘Kaufela’)
cut and dried to assess dry-matter yield. Growth index was uted by all parental populations used in crosses; hi and hj are
the average contributions of individual parental populations tocalculated as described by Bramel-Cox et al. (1984).
the expression of heterosis; sij is the specific heterosis (specific
combining ability, SCA) that occurs when parental populationStatistical Analysis
i is crossed to parental population j; and k 5 0 when i 5 j,
Analyses of variance were first performed on data from and k 5 1 when i 5 j.
individual environments using Genstat Version 4, from Ro- Genotype effects (Gij, 65 df) were first partitioned into
thamsted Experimental Station, and Analysis II proposed by varietal population effects (Vi, 10 df), and heterosis effects
Gardner and Eberhart (1966) and Eberhart and Gardner (hij, 55 df). Heterosis effects were further partitioned into
(1966). Genetic parameters were estimated by fitting the popu- average heterosis (h, 1 df), variety heterosis (hi, 10 df), and
lation and population cross means to the fixed linear model: specific heterosis (sij, 44 df) effects.
Following the within-environment analyses for each charac-Yij 5 mv 1 0.5(Vi 1 Vj ) 1 k(h 1 hi 1 hj 1 sij ) ter studied, combined analyses across environments were per-
where Yij is the mean of the cross between the ith and jth formed when error variances were homogenous. Environmen-
parental populations; mv is the mean of all parental popula- tal effects were considered to be random. Bartlett’s test (Steel
tions; Vi and Vj are the varietal effects of parental population and Torrie, 1980, sect. 20.3) was used for assessing homogene-
ity of variance and the magnitude of genotype 3 environmenti and parental population j; h is the average heterosis contrib-
Table 2. Agronomic characteristics measured in two or more environments in this study.
Trait Method of measurement and/or calculation Units
Plant count Number of plants from two rows of 5 m, measured two to three weeks after thinning
Time to flowering (TTF) Days after emergence when 75% of plants had emerging stigmas d
Panicle count Number of panicles from two rows of 5 m, measured two weeks before harvest
Plant height Average of plants per plot for distance from soil surface to top of primary panicle cm
Panicle length Mean length of ten main-culm panicles in each plot cm
Panicle yield Mass of panicles from two rows of 5 m (net plot area 5 7.5 m2 ) g
Grain yield Mass of grains from two rows of 5 m (net plot area 5 7.5 m2 ) g
Straw yield Vegetative dry matter at maturity from two rows of 5 m (net plot area 5 7.5 m2 ) g
Grain yield per season (Grain yield per plot/plot area)*10 kg ha21
Grain yield per day Grain yield per season/(TTF125) kg ha21 d21
Productive tillers Panicle count/plant count No. plant21
Biomass ((Panicle yield 1 straw yield)/plot area)*10 kg ha21
Growth index (Biomass/(TTF110))/plot area g m22 d21
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(G 3 E) interaction mean squares. When the interaction was 4) for these parental populations. Five parental popula-
significant, it was used for testing significance of genotype tions were major contributors to the G 3 E interaction
mean squares and all the components. The G 3 E mean for grain yield per day: ICMV 91059, ICMP 92591,
squares were used instead of the residual mean squares to ICMV 155, ICMP 87307, and AfPop 90. Population
calculate standard errors. General combining ability (GCA) AfPop 90 appeared particularly poorly adapted to thefor each parental population i was estimated as gi 5 0.5Vi 1 Patancheru rainy season environments, whereas ICMVhi. When G 3 E interaction effects were significant for a
155 and ICMV 91059 appeared particularly poorlyparticular agronomic character, important sources of variation
adapted to the overcast, shorter day length, Bhavanisa-(i.e., particular parents and/or particular environments) con-
gar environment to which ICMP 92591 and ICMP 87307tributing most to these interactions were identified by examin-
ing graphs of environment-wise rankings of the parental popu- appeared particularly well adapted. The GCA effects
lations for GCA for that character following procedures of SenPop for grain yield per season were consistently
outlined by Kang and Gauch (1996). good in all test environments, indicating the wide adap-
tation and high potential of this feeder population
(broad-based composite of intermediate eliteness, fromRESULTS AND DISCUSSION which superior progenies are extracted to diversify more
Coefficients of variation (CV) were ,13% for indi- elite populations) for use as a parent in developing pop-
vidual environments (data not shown) for most charac- ulations and hybrids with high-yield potential (Fig. 1a;
ters studied, except for productive tillers and panicle Table 4). Populations ICMV 91059, SenPop, and ICMP
length, for which the CV were .18%. Combined analy- 91751 and their crosses tended to give consistently high
ses of variance for eight agronomic characters measured grain yields per season in all test environments, whereas
over two to five environments are presented in Table LHGP, AfPop 88, and NWC C2 and their crosses
3. Genotype 3 environment interactions were signifi- yielded poorly in all test environments. Between these
cant for all characters except productive tillers, biomass, two groups of parental populations were a consistently
and growth index (the latter two characters were mea- intermediate group of populations (i.e., AfPop 90 and
sured in only two environments), indicating that the ICMP 87200) and an inconsistent group comprising
relative performance of genotypes differed in the test ICMV 155, ICMP 92591, and ICMP 87307 that were
environments. Although statistically significant for five major contributors to G 3 E interactions for grain yield
characters, these G 3 E interactions were large enough (per season and per day) due to the markedly different
to be of practical importance only in the case of grain performances of these populations and their crosses at
yield (per season and per day) and plant height. Patancheru and Bhavanisagar.
Genotype 3 environment interactions for grain yield The variation in GCA-rank order of parental popula-
per season did not seriously affect GCA ranks of the tions across environments was much less for flowering
11 parental populations for this character across the time (Fig. 1c; Table 4) and plant height (Fig. 1d; Table
five environments in this study. The possible exceptions 4). For plant height, ICMP 87307 and AfPop 88 (and
were parental populations ICMV 155, ICMP 92591, and to a lesser extent SenPop, ICMP 91751, and AfPop 90)
ICMP 87307 (and perhaps ICMV 91059) at Bhavanisa- contributed much of the variation in rank order and
gar (Fig. 1a; Table 4). A large portion of the G 3 E hence much of the G 3 E interaction. Although statisti-
interaction for grain yield per season was due to the cally significant (Table 3), the G 3 E interactions for
failure of ICMV 155 to perform consistently. This elite flowering time were small and of little practical impor-
open-pollinated variety seemed to confer specific adap- tance (Fig. 1c; Table 4), as was also observed for panicle
tation to Patancheru, but its crosses performed poorly length (not shown).
at Bhavanisagar. Grain yield per season GCA rankings Ouendeba et al. (1996) compared the diallel variety-
(Fig. 1a; Table 4) show a similar pattern across environ- cross Analysis II of Gardner and Eberhart (1966) with
the more traditional Analysis III (Gardner and Eber-ments to those for grain yield per day (Fig. 1b; Table
Table 3. Mean squares of grain yield per season, grain yield per day, time to flowering, plant height, panicle length, productive tillers,
biomass, and growth index for 11 pearl millet populations and their 55 diallel crosses, excluding reciprocals, evaluated across two to
five environments† (E) at Patancheru and Bhavanisagar in peninsular India, during 1993 to 1995.
Grain yield
Source of Time to Plant Panicle Productive Growth
variation df† per season per day flowering height length tillers Biomass index
kg ha21 d cm # plant21 kg ha21 g m22 d21
Genotypes (G) 65 78 956** 22.55** 16.48** 229** 17.5** 67.7** 604 145** 67.7**
Populations (Vi ) 10 385 658** 125.62** 99.01** 11 368** 103.6** 226.1** 2 109 850** 226.1**
Heterosis (hij ) 55 23 192* 3.81 1.48** 22 1.8** 38.9 330 362 38.9
Average (h ) 1 83 616* 11.31 6.52** 12 0.9 11.3 661 504 11.3
Population (hi ) 10 16 662 3.52 3.40** 33** 0.9 46.9 632 166** 46.9
Specific (sij ) 44 23 305 3.71 0.93** 20 2.1** 37.7 254 247* 37.7
G 3 E 259 (65) 16 913** 3.30** 0.56** 20** 0.6** 28.3 220 061 28.3
Pooled error 648 (260) 12 236 2.14 0.13 11 0.5 30.3 182 833 30.3
*, ** Significant at the 0.05 and 0.01 levels of probability, respectively.
† When the degrees of freedom (df) for characters differ, the numbers enclosed in parentheses are those for biomass and growth index, which were
evaluated in only two environments.
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Fig. 1. Continued.
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Fig. 1. Ranked estimates of general combining ability effects for (a) grain yield per season, (b) grain yield per day, (c) time to flowering, and
(d) plant height based on evaluation of 11 pearl millet parental populations and their 55 crosses across five environments in peninsular India
during 1993 to 1995. For each character, the 11 parental populations are arranged along the x-axis in rank order (from lowest to highest) of
the sums of their ranks for general combining ability effects for that character across all five environments. Deviations from a 1:1 line are
indicative of rank-change-type genotype 3 environment interactions for that character. Key: j 5 ranked sum of ranks across all five
environments; m 5 ranked sum of ranks across three rainy season environments (not irrigated) at Patancheru; d 5 ranks in one irrigated
hot dry season at Patancheru; s 5 ranks in one irrigated cool dry season at Bhavanisagar.
hart, 1966) that first separates parents and crosses before sumptions, the heterosis terms in the Gardner–Eberhart
Analysis II are all due to dominance and differences inpartitioning the latter into GCA and SCA. They ob-
served that the average heterosis sum of squares of allelic frequencies between pairs of parental popula-
tions, and the mean squares for Vi effects of the parentalthe former analysis is equal to the parents vs. crosses
contrast of the latter, and that specific heterosis is equal populations contain all variation due to additive genetic
effects (as well as some dominance). Hence we exam-to SCA, whereas the other two components of the geno-
type effects of the Analysis II (i.e., varietal effects of ined these two sources of variation (Vi and heterosis)
for each of the eight agronomic characters analyzed inthe parental populations and population heterosis ef-
fects) are different from any provided by the more tradi- this pearl millet variety-cross diallel.
Parental populations differed (P , 0.01) for all eighttional Analysis III. Assuming a restricted genetic model
of additive and dominance effects only, these latter two characters, as indicated by the highly significant Vi ef-
fects (Table 3). Heterosis effects (hij ) were significantsources of variation in the Gardner–Eberhart Analysis
II give a better separation of additive and dominance for grain yield per season, time to flowering, and panicle
length. Average heterosis effects (h) were significanteffects than can be otherwise obtained from the current
data set without resorting to additional experiments in- only for grain yield per season and time to flowering,
while hi and/or sij effects were significant for time tovolving additional inbred populations. Under these as-
Table 4. Environment-wise ranks of general combining ability effects for grain yield per season, grain yield per day, time to flowering,
and plant height for 11 pearl millet populations evaluated (with their 55 diallel crosses, excluding reciprocals) across five environments†
at Patancheru and Bhavanisagar in peninsular India, during 1993 and 1995.
Grain yield per season Grain yield per day Time to flowering Plant height
All PR PI BI All PR PI BI All PR PI BI All PR PI BI
Environment† (5) (3) (1) (1) (5) (3) (1) (1) (5) (3) (1) (1) (5) (3) (1) (1)
Population
ICMV 91059 1 1 1 5 1 1 1.5 6 3 3 4 3 2 3 2 1
SenPop 2 2 3 3 3 3 4.5 2 5 6 5 4 5 7 4 5
ICMP 91751 3 3 4.5 6 2 2 3 4 2 1 2 2 3 1 3 3
ICMV 155 4 4 2 10 5 4 1.5 7.5 1 2 1 1 1 2 1 2
ICMP 92591 5 7 4.5 1 4 5 4.5 1 4 4 3 5 5 5 5 6
AfPop 90 6 6 6 4 7 10 7 5 10 10 10 9 10 10 8 10
ICMP 87200 7 5 8 7 8 7 8 7.5 8 7.5 8.5 8 8 8 9 9
ICMP 87307 8 8 7 2 6 6 6 3 6 5 6 7 7 4 7 8
NWC C2 9 9 10 8.5 9 8 10 9 7 9 7 6 5 6 6 4
AfPop 88 10 10 9 8.5 10 9 9 10 9 7.5 8.5 10 9 9 11 7
LHGP 11 11 11 11 11 11 11 11 11 11 11 11 11 11 10 11
† All 5 sum of ranks across all five environments; PR 5 sum of ranks across three rainy season environments (not irrigated) at Patancheru; PI 5 ranks
in one irrigated hot dry season at Patancheru; BI 5 ranks in one irrigated cool dry season at Bhavanisagar.
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flowering, plant height, panicle length, and biomass.
These results indicate that additive genetic effects were
generally as important, if not more important, than dom-
inance in controlling the observed agronomic characters
in this set of diallel crosses. These results are probably
due to the intrapopulation improvement methods used
in developing the parental populations studied here,
which are more effective at using additive genetic varia-
tion than that due to dominance, heterosis, or epistasis.
These results agree with the findings of Singh et al.
(1982) and Ouendeba et al. (1993) for grain yield, but
are markedly different from those of Ouendeba et al.
(1996) for forage yield. Zaveri (1982) also indicated
that additive genetic variance was the most important
component of genetic variance in a diallel cross of pearl
millet populations.
General combining ability and Vi effects for each of
the eight agronomic characters are presented in Table
5. Predominance of GCA differences and significant Vi
effects suggest that variation among crosses was mainly
due to additive rather than nonadditive gene effects. A
more definitive separation of additive, dominance, and
other non-additive genetic effects for these characters
requires evaluation of additional populations, followed
by the more comprehensive diallel variety-cross Analy-
sis I of Gardner and Eberhart (1966). Although less
than definitive, results from the current study indicate
that these characters can be improved easily through
breeding using a range of different intrapopulation and
interpopulation selection procedures, and that hybrid
cultivars based on crosses among these populations
would not be expected to have clear performance advan-
tages over open-pollinated cultivars before several cy-
cles of interpopulation improvement.
CONCLUSIONS
Information from this study may apply to pearl millet
breeding programs in Latin America, eastern and south-
ern Africa, and South Asia. Our results reveal that ge-
netic variability among the parental populations exists
for some, but not all, agronomic characters studied, and
much of this genetic variation appears to be additive in
nature. This indicates that these parental populations
can be intercrossed and recombined to develop broader-
based elite composites with high grain yield and suffi-
cient genetic variability for their successful exploitation
in future recurrent-selection programs. Parental popula-
tions with good performance per se and good perfor-
mance in crosses for most agronomic characters in-
cluded ICMP 87307, ICMP 91751, ICMP 92591, ICMV
155, ICMV 91059, and SenPop. These populations have
good GCA for several agronomic characters and should
be exploited by developing one or more broad-based
composite populations with improved agronomic per-
formance. The two feeder populations (AfPop 88 and
AfPop 90) and broad-based genepool (LHGP) had poor
GCA for most characters, but had positive combining
abilities for panicle length. AfPop 90 and LHGP also
had positive Vi effects for biomass and growth index.
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However, these three parental populations and their
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